Assembly of Close-Packed
Ferroelectric Polymer Nanowires
via Interface-Epitaxy with ReS\u3csub\u3e2\u3c/sub\u3e by Li, Dawei et al.
University of Nebraska - Lincoln 
DigitalCommons@University of Nebraska - Lincoln 
Mechanical & Materials Engineering Faculty 
Publications 
Mechanical & Materials Engineering, 
Department of 
2021 
Assembly of Close-Packed Ferroelectric Polymer Nanowires via 
Interface-Epitaxy with ReS2 
Dawei Li 
University of Nebraska-Lincoln 
Shuo Sun 
University of Nebraska-Lincoln, ssun8@unl.edu 
Kun Wang 
University of Nebraska-Lincoln, kun.wang@huskers.unl.edu 
Zahra Ahmadi 
University of Nebraska-Lincoln, zahmadi2@unl.edu 
Jeffrey E. Shield 
University of Nebraska - Lincoln, jshield@unl.edu 
See next page for additional authors 
Follow this and additional works at: https://digitalcommons.unl.edu/mechengfacpub 
 Part of the Mechanics of Materials Commons, Nanoscience and Nanotechnology Commons, Other 
Engineering Science and Materials Commons, and the Other Mechanical Engineering Commons 
Li, Dawei; Sun, Shuo; Wang, Kun; Ahmadi, Zahra; Shield, Jeffrey E.; Ducharme, Stephen; and Hong, Xia, 
"Assembly of Close-Packed Ferroelectric Polymer Nanowires via Interface-Epitaxy with ReS2" (2021). 
Mechanical & Materials Engineering Faculty Publications. 621. 
https://digitalcommons.unl.edu/mechengfacpub/621 
This Article is brought to you for free and open access by the Mechanical & Materials Engineering, Department of 
at DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Mechanical & Materials 
Engineering Faculty Publications by an authorized administrator of DigitalCommons@University of Nebraska - 
Lincoln. 
Authors 
Dawei Li, Shuo Sun, Kun Wang, Zahra Ahmadi, Jeffrey E. Shield, Stephen Ducharme, and Xia Hong 






Assembly of Close-Packed  
Ferroelectric Polymer Nanowires  
via Interface-Epitaxy with ReS2  
 
 
Dawei Li,1 Shuo Sun,1 Kun Wang,1 Zahra Ahmadi,2  
Jeffrey E. Shield,2 Stephen Ducharme,1 and Xia Hong1  
 
 
1 Department of Physics and Astronomy & Nebraska Center for Materials and 
Nanoscience, University of Nebraska-Lincoln, Lincoln, Nebraska 68588-0299, 
USA   
2 Department of Mechanical and Materials Engineering, University of Nebraska-
Lincoln, Lincoln, NE 68588-0526, USA 




The flexible, transparent, and low-weight nature of ferroelectric polymers 
makes them promising for wearable electronic and optical applications. 
To reach the full potential of the polarization-enabled device functional-
ities, large-scale fabrication of polymer thin films with well-controlled po-
lar directions is called for, which remains a central challenge. The widely 
exploited Langmuir–Blodgett, spin-coating, and electrospinning meth-
ods only yield polymorphous or polycrystalline films, where the net po-
larization is compromised. Here, an easily scalable approach is reported 
to achieve poly(vinylidene fluoride-trifluoroethylene) P(VDF-TrFE) thin 
films composed of close-packed crystalline nanowires via interface-epitaxy 
with 1T′-ReS2. Upon controlled thermal treatment, uniform P(VDF-TrFE) 
films restructure into about 10 and 35 nm-wide (010)-oriented nanowires 
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that are crystallographically aligned with the underlying ReS2, as revealed 
by high-resolution transmission electron microscopy. Piezoresponse force 
microscopy studies confirm the out-of-plane polar axis of the nanowire 
films and reveal coercive voltages as low as 0.1 V. Reversing the polariza-
tion can induce a conductance switching ratio of >108 in bilayer ReS2, over 
six orders of magnitude higher than that achieved by an untreated polymer 
gate. This study points to a cost-effective route to large-scale processing of 
high-performance ferroelectric polymer thin films for flexible energy-effi-
cient nanoelectronics.  
 
Keywords: interface epitaxy, van der Waals heterostructures, ReS2, ferro-
electric polymers, crystalline nanowires  
 
 
1. Introduction  
 
The flexible, transparent, and low-weight nature of ferroelectric poly-
mers makes them a promising material platform for developing wear-
able electronic and optical applications.[1–5] Leveraging their large, na-
noscale controllable polarization, extensive research has been carried 
out on integrating poly(vinylidene fluoride-trifluoroethylene) P(VDF-
TrFE) thin films with 2D  van der Waals (vdW) materials for construct-
ing a range of novel nanodevices,[6,7] including nonvolatile memories,[8–11] 
negative- capacitance field-effect transistors (FETs),[12,13] neuromorphic 
memristors,[14] and reconfigurable diodes.[10,11,15,16] One of the central 
challenges for technological implementation of these polarization-en-
abled device concepts is the lack of viable fabrication techniques for 
achieving large-scale crystalline polymer films with well-defined polar-
ization direction. The widely exploited Langmuir–Blodgett (LB),[1,2,4,10,11] 
spin coating,[5,8,9,12–17] and electrospinning[18,19] methods only yield poly-
morphous or polycrystalline films with compromised net polarization, 
which significantly limit the device performance. In this work, we re-
port an easily scalable approach for fabricating highly ordered crystal-
line P(VDF-TrFE) nanowire (P-NW) films, which leverages the interfa-
cial epitaxial relation with an anisotropic vdW material, 1T′-ReS2. Upon 
controlled thermal treatment, uniform LB films self-assemble into close-
packed NWs that are crystallographically aligned with the underlying 
ReS2 with out-of-plane polar axis (Figure 1a). Compared with the pris-
tine LB films, the P-NW films can lead to over six orders of magnitude 
higher ferroelectric field effect modulation in bilayer ReS2 FET devices, 
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Figure 1. P-NW film on ReS2. a) Sample schematic. b) AFM topography image of a 
P-NW film formed on 1L ReS2. Upper inset: AFM image of the initial 9 ML LB film. 
Lower inset: polarization-resolved Raman signal of mode V of the 1L ReS2. c) Opti-
cal image of two perpendicularly stacked 1L ReS2 flakes (top), and the polar plots of 
parallel polarization-resolved Raman signal of mode V for the T-1L (red) and B-1L 
(blue) ReS2 (bottom). d) AFM image of the boxed area in (c). The crystalline orien-
tations of ReS2 are labeled. 
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and the coercive voltage can be as low as 0.1 V. Our approach offers a 
cost-effective strategy for achieving large-scale highly crystalline P(VDF-
TrFE) thin films in the vdW heterostructure form, paving the path for 
their implementation in wearable energy-efficient nanoelectronics.  
 
 
2. Results and Discussion  
 
Using the horizontal LB deposition technique,[2] we deposited 1–9 
monolayer (ML) P(VDF-TrFE) thin films on ReS2 (Experimental Sec-
tion). Figure 1b upper inset shows the atomic force microscopy (AFM) 
image of a 9 ML LB film prepared on a mechanically exfoliated single-
layer (1L) ReS2 flake on SiO2 substrate (Figure S1, Supporting Infor-
mation). After controlled thermal annealing, the initially smooth and 
uniform film reconstructs into well aligned, close-packed NWs with 
an average width of 35 nm (Figure 1b; Figure S2, Supporting Informa-
tion), which are perpendicular to the Re chain direction (bR-axis). Fig-
ure 1c shows a sample prepared on two perpendicularly stacked 1L 
ReS2. On the 1L ReS2 regions, the NW orientations are perpendicular to 
the bR-axis of the underlying ReS2, which is in sharp contrast to the ran-
domly oriented nanostructures formed on the SiO2 substrate (Figure 
1d).[20,21] Close to the edges of ReS2, the NWs extend onto SiO2, forming 
wire bundles that are perpendicular to each other. Interestingly, such a 
competing effect of NW orientation is not observed on the stacked bi-
layer ReS2 region. Instead, the NW orientation is solely determined by 
the top layer (T-1L) ReS2, forming a sharp interface with those on the 
bottom layer (B-1L). These results clearly point to an extremely short-
ranged interfacial interaction between the P-NW and ReS2. It is thus 
expected that the thickness of ReS2 is not a relevant factor for the NW 
formation. Indeed, we have achieved reliable fabrication of P-NWs on 
1L, 2L, and few-layer ReS2 flakes (Figure S3, Supporting Information), 
as well as bulk ReS2 samples. Figure 2a shows the P-NW film prepared 
on a bulk ReS2 single crystal, with the dimension approaching the cen-
timeter scale, confirming the scalability of this fabrication approach.   
To understand the role of the base layer in the P-NW formation, we 
prepared P(VDF-TrFE) samples on five other 2D vdW materials using 
identical fabrication methods (Figure S4, Supporting Information). The 
samples prepared on the isotropic 2H-MoS2, graphene, and α-In2Se3 
Li  et al .  in  Advanced Materials  33 (2021)        5
Figure 2. Structural properties of P-NW on ReS2. a) AFM topography image of a 
P-NW film on bulk ReS2. Lower inset: optical image of the sample laid on a SiO2 sub-
strate. The dotted lines outline the ReS2 single crystal. b) Cross-sectional TEM image 
of a sample prepared on bulk ReS2. c,d) Fast Fourier transform results for ReS2 (c) 
and P-NW (d) taken from the boxed areas in (b). e) High-resolution TEM image of 
a P-NW on ReS2. f) Expanded view of the boxed area in (e) superimposed with the 
atomic arrangements of ReS2 and (010) P(VDF-TrFE). The interface between P(VDF-
TrFE) and ReS2 in (e) and (f) is marked by the dashed lines. g) Schematic illustration 
of the epitaxial relation between P(VDF-TrFE) and ReS2. The dashed lines mark the 
unit cells for P(VDF-TrFE) and ReS2. The laboratory coordinate system and crystal-
line orientations of P(VDF-TrFE) and ReS2 are labeled.     
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form randomly distributed rice-like nanograins, similar to previous 
reports on graphene.[9] Surprisingly, samples prepared on anisotropic 
black phosphorus and TiS3 also show isotropic nanograin distribution, 
indicating that the lattice anisotropy alone is not sufficient to align the 
P-NW assembly. To probe the details of the interfacial crystalline regis-
tration, we performed transmission electron microscopy (TEM) stud-
ies on a sample prepared on bulk ReS2. Figure 2b shows the cross-sec-
tional TEM image of two close-packed NWs. Fourier transform analysis 
of the image reveals clear diffraction spots for ReS2 (Figure 2c) and P-
NWs (Figure 2d), pointing to (010)-orientated P-NWs with high crys-
tallinity. The high-resolution TEM image resolves the layered struc-
ture of one P-NW (Figure 2e) with interlayer spacing of 2.48 ± 0.01 Å. 
This value agrees closely with half of the bP-axis lattice parameter of 
orthorhombic P(VDF-TrFE) (70/30) (bP = 5.12 Å),[22] confirming the 
(010)-orientation (Figure S5, Supporting Information). Mapping the 
atomic arrangements on the TEM image shows that the in-plane poly-
mer chain (cP-axis) is aligned with the Re-chain direction of ReS2 (bR-
axis) (Figure 2f).  
As illustrated in Figure 2g, in this configuration, there exists a clear 
epitaxial lattice relation between these two materials. In the y–z plane, 
the distance between five neighboring polymer chains (2aP ≈ 17.16 Å) 
matches well with three monomer distance of ReS2 (≈17.19 Å). In the x–z 
plane, the extension of five P(VDF-TrFE) monomers (5cP ≈ 12.8 Å) closely 
match the distance between monomer units of ReS2 (2bR ≈ 12.9 Å). As 
the interlayer interaction in orthorhombic P(VDF-TrFE) is also vdW type, 
we conclude that the close lattice match can enable the formation of an 
epitaxial vdW heterointerface between the P-NWs and ReS2, with bP || 
cR, cP || bR, and aP ⊥ bR. The moderate in-plane tensile strain (0.2% along 
aP and 0.8% along cP) is also consistent with the slightly compressed in-
terlayer spacing deduced from the TEM measurements. This scenario 
naturally explains why P(VDF-TrFE) on black phosphorus and TiS3 only 
forms randomly distributed nanograins: the P-NW orientation on ReS2 
is guided by the epitaxial-type interfacial atomic registry, rather than 
merely the lattice symmetry. Unlike previous P-NW studies exploiting 
nanoimprinting[3,23] and AFM tip imposed mechanical annealing,[24] our 
approach leverages the crystalline interaction with the ReS2 interface 
to guide the NW self-assembly, which yields close-packed NWs forming 
large-scale continuous films.   
Li  et al .  in  Advanced Materials  33 (2021)        7
 We characterized the ferroelectric properties of the P-NW film via 
vertical and lateral piezoresponse force microscopy (PFM). Figure 3a 
shows the vertical PFM (V-PFM) switching hysteresis taken on a sample 
formed from 9 ML P(VDF-TrFE). The coercive voltages are approximately 
+0.6 and −0.8 V for the polarization up (Pup) and down (Pdown) states, re-
spectively. The corresponding coercive field (Ec) is about 0.05 V nm−1 or 
less, which is significantly lower than the films prepared by the LB[25,26] 
method (0.1–1 V nm−1) and becomes comparable with those of the ox-
ide ferroelectrics.[27] Such low Ec can be attributed to the out-of-plane 
polar orientation of the P-NW films. Unlike the polycrystalline LB films, 
where the polarization points 30° away from the film normal,[28] the P-
NWs crystalize along the polar axis (Figure 2f), requiring a significantly 
reduced switching field due to the polar anisotropy. Figure 3b,c shows 
the V-PFM images taken on the stripe Pup and Pdown domains written on 
the sample. The as-grown state is close to the uniformly polarized Pup 
state, similar as the LB films.[29] The lateral PFM (L-PFM) signal on the 
same domain structure is close to the noise level for all three regions, 
with no appreciable dependence on the scanning angle (Figure S6, Sup-
porting Information). This result indicates a lack of in-plane component 
of polarization, consistent with the out-of-plane polar axis of the (010) 
film. In contrast, annealed LB films typically crystallize in the (110) di-
rection, which possesses intercorrelated in-plane and out-of-plane po-
larization.[25,30]    
The out-of-plane polarization and small coercive voltage make the 
P-NW films an ideal choice as ferroelectric gate for FET devices (Figure 
3d). Figure 3e shows the source–drain current–voltage relation (IDS–VDS) 
of a 2L ReS2 device at zero back-gate bias (VBG = 0 V), which corresponds 
to a channel conductivity switching ratio of 1.6 × 106 between the Pup 
and Pdown states of the P-NW top-layer. Figure 3f compares the transfer 
characteristics (IDS–VBG) of a 2L ReS2 device for both polarizations of the 
P-NW top-gate. At VBG = 30 V, the device shows a current switching ra-
tio of 1.4 × 108. Even high switching ratio is expected at the gate range 
of VBG = 15–30 V, where ID is below the instrument resolution. In con-
trast, in a 2L ReS2 device gated by untreated LB film, the highest current 
switching ratio is ≈1.2 × 102 (Figure 3f inset). The more than six orders 
of magnitude difference in the current switching ratio clearly illustrates 
the powerful gating capacity of highly crystalline P(VDF-TrFE) with out-
of-plane polar axis.     
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Figure 3. Characterizations of P-NWs and P-NW/ReS2 FETs. a) V-PFM hystereses 
of phase (top) and amplitude (bottom) responses taken on a P-NW film prepared 
from a 9 ML LB film. b,c) PFM phase (b) and amplitude (c) images of a domain struc-
ture patterned on a P-NW film. The lower panels show the V-PFM and L-PFM sig-
nal profiles along the dashed lines. d–f) Characterizations of 2L ReS2 FETs with SiO2 
back-gate and P(VDF-TrFE) top-gate at room-temperature. d) Device schematic. 
e) IDS versus VDS at VBG = 0 V for the uniformly polarized Pdown and Pup states of the 
P-NW top-layer, with the corresponding PFM phase images shown as insets. The 
scale bars are 2 μm. f) IDS versus VBG for the Pdown and Pup states of the P-NW top-
gate. Inset: IDS versus VBG of a 2L ReS2 device top-gated by 9 ML untreated LB film 
for both polarization states.     
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To understand the formation mechanism of the P-NWs, we performed 
in situ AFM imaging on 5 and 1 ML P(VDF-TrFE) films on ReS2 during the 
thermal treatment (Figure 4a). The 5 ML LB film does not show obvi-
ous change in morphology till a transition temperature T1 = 120 °C, upon 
which the continuous film starts to transform into a texture composed of 
short NW segments. At this stage, there are short NWs lying along both 
x- and y-directions, which are parallel and perpendicular to the bR axis of 
ReS2, respectively. Further heating the sample to T2 = 130 °C, the texture 
quickly evolves into well aligned NWs, where the x-oriented NWs disap-
pear (or reorient) and y-oriented NWs merge into longer wires. The re-
sulting P-NW film is continuous and stable upon cooling.   
For the 1 ML P(VDF-TrFE), the initial LB film does not have a uni-
form surface coverage on ReS2 at room temperature. Upon heating, ran-
domly bundled fine NWs gradually emerge within the textures above a 
lower T1 = 80 °C. These fine NWs start to reorient along y-axis at T2 = 
110 °C, with the neighboring ones merging into wider and longer NWs. 
The straightening and merging of NWs continue until 120 °C. Further 
heating the sample to 130 °C does not change the NW width, while the 
smaller patches congregate into large NW bundles. Similar to the 5 ML 
sample, the film maintains similar surface morphology during cooling. 
The NW formation, on the other hand, is highly sensitive to the thermal 
annealing temperature, and the well structured NWs would melt and 
break into isolated droplets when the sample is heated above 140 °C 
(Figure S7, Supporting Information).  
As shown in Figure 4b insets, the morphology of the P-NW film 
evolves from scattered big islands of NW bundles to homogeneous films 
with fewer and fewer vacant areas with increasing layer number of the 
initial LB film. For all samples, however, we have full coverage of P-NWs 
over the entire sample surface. For the 6 ML and thicker samples, the fi-
nal film is uniformly covered by wide NWs with no vacant spots over a 
large scale of area. The width (w) of the NWs ranges from 33 to 37 nm 
with no appreciate layer number dependence (Figure 4b). For samples 
thinner than 6 ML, the seemingly vacant regions are actually fully cov-
ered by fine NWs (Figure 4c,d), which are also aligned along the same 
orientation. The height difference (Δh) between the surfaces of the wide 
NW and fine NW regions is about 7–8 nm, also independent of the layer 
number. Taking into account the thickness of the fine NWs, i.e., about 
7 nm (Figure 2b), we estimate the height of the wide NWs to be about 
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14–15 nm. We also measured the height of wide NWs directly on the 6 
and 9 ML samples with respect to the pinholes, and obtained consis-
tent results.  
As shown in Figure 5a, the width of the fine NWs is about 10 nm. 
The PFM switching hystereses taken on the fine NW region reveal an 
ultralow coercive voltage of about ±0.1 V (Figure 5b), corresponding to 
Figure 4. Effects of temperature and LB film thickness. a) In situ AFM images of the 
surface morphology of 5 ML (top) and 1 ML (bottom) LB films on ReS2 illustrating 
the P-NW formation process. The images do not correspond to the same sample 
area due to thermal drift of AFM. b) NW width w (left axis) and Δh (right axis) ver-
sus layer number of initial LB film, with AFM topography images of the correspond-
ing P-NW films at room temperature (insets). The dashed lines serve as the guide 
to the eye. The crystalline orientations of ReS2 are the same as in (a). c,d) Close-up 
AFM images taken on the (c) 3 ML and (d) 4 ML samples in the boxed areas in (b).  
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Figure 5. Characterizations of fine P-NWs and NW formation mechanism. a) Close-
up AFM topography image taken on the 1 ML sample in the boxed area in Figure 
4b, with the height profile along the dashed line (bottom). b) V-PFM hystereses of 
phase (top) and amplitude (bottom) responses taken on the fine NW film in (a). c) 
Conductance versus T for a 1L ReS2 device in the pristine state (black) and with (red) 
9 ML LB film deposited on top. The conductance is normalized to the value at 70 
°C (Snorm). Inset: optical image of the ReS2 device coated with 9 ML LB film. d) Snorm 
versus T for a 1L ReS2 device in the pristine state (black) and with (red) 1 ML LB film 
deposited on top. Inset: optical image of the ReS2 device coated with 1 ML LB film. 
The dotted lines in (c) and (d) mark T1 and T2 during heating. The dashed lines sepa-
rate the heating and cooling regimes. e) Schematic illustration of a two-stage mech-
anism for P-NW formation facilitated by interfacial ReS2. a-P: amorphous polymer 
chain. c-P: crystalline polymer chain.     
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an Ec below 0.02 V nm−1. To assess the magnitude of polarization in the 
P-NWs, we monitored the in situ conductance change in 1L ReS2 due to 
ferroelectric polarization doping of P(VDF-TrFE) during the P-NW for-
mation process. As shown in Figure 5c, for a sample deposited with 9 ML 
of LB film, the conductance S of ReS2 exhibits a sharp increase between 
T1 and T2, which is more than one order of magnitude higher than the 
thermal effect induced conductance variation in this ReS2 sample before 
being coated with P(VDF-TrFE). This effect clearly illustrates the signif-
icant enhancement of polarization in the crystalline P-NWs compared 
with the polycrystalline LB film, as one would expect a lower polariza-
tion doping from the unstructured LB film with increasing temperature 
due to the pyroelectric effect. An even larger change is observed in the 
sample coated with 1 ML P(VDF-TrFE) (Figure 5d). The channel conduc-
tion is increased by over 103-fold between T1 and T2, which is more than 
two orders of magnitude higher than the change for ReS2 in the pristine 
state. Upon cooling, the pristine ReS2 samples recover the conductance 
S to the initial levels, as expected for a thermally activated behavior. 
For samples deposited with P(VDF-TrFE), in contrast, S only decreases 
moderately upon cooling, confirming that the P-NW film is stable. The 
fact that the conduction change in the ReS2 sample deposited with 1 ML 
P(VDF-TrFE) is more than 102 times higher than the 9 ML sample dem-
onstrates that the fine NWs not only preserve ferroelectricity, but likely 
possess even higher crystalline order with enhanced out-of-plane po-
lar alignment, which is consistent with the lower Ec compared with the 
wide NWs.  
The AFM and electrical characterizations reveal a two-stage P-NW 
formation process. The initial LB film is polymorphous, possessing both 
small crystallites and amorphous region (Figure 5e). As the sample is 
heated to T1 (stage I), textures of short, fine P-NWs start to emerge, 
which are initially randomly oriented. The polymer chain is perpendic-
ular to the NW orientation (Figure 2f). At the second transition temper-
ature T2 (stage II), the NWs gain sufficient thermal energy and become 
mobile on ReS2. The interfacial interaction promotes the realignment of 
the NWs, with the adjacent NWs merging into longer fine (≈10 nm width) 
or wide (≈35 nm width) NWs. The merged NWs are mostly aligned along 
the direction perpendicular to bR-axis of ReS2. For the LB films thin-
ner than 6 ML, the fine and wide P-NWs coexist to ensure a full surface 
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coverage of P-NWs on ReS2. For the 6 and 9 ML LB films, all fine NWs 
coalesce into wide NWs, resulting into close-packed uniform films, sug-
gesting that the wide NW structure is more favorable when sufficient 
volume of the starting material is available.  
Despite the starting LB film thickness, the final form of the P-NWs 
possesses similar width/height (Figure 4b), suggesting a self-termina-
tion process. This is similar to the thermal annealing effect on P(VDF-
TrFE) LB films prepared on doped Si substrates below 4 ML thickness, 
where the initially uniform films segregate into isolated nanomesa 
structures with uniform heights of 9–10 nm.[31] Increasing the layer 
number only increases the density of the nanomesas, till they merge 
into a continuous film, without changing its height. The nanomesa for-
mation process has been explained by considering the surface and elas-
tic energies of the nanostructure and its interfacial interaction with the 
substrate.[32,33] These three energy contributions compete with each 
other: the surface and elastic energies prefer a uniform film distribu-
tion to maximize the surface to volume ratio, while the interaction be-
tween P(VDF-TrFE) and the substrate is repulsive in nature, driving 
the pattern coarsening to reduce the interface area. The net energy 
can be minimized at a critical structure height hc regardless of the lat-
eral dimension of the nanomesa. Similar scenario can be adopted to 
explain the P-NW formation on ReS2. The key difference between the 
nanomesa structure and our system is the existence of an epitaxial re-
lationship between P(VDF-TrFE) and ReS2, which also lowers the in-
terface energy. As shown in Figure 2g, the interfacial bonding density 
along the P-NW direction (y-axis) is much lower than the one along the 
bR direction (x-axis). The epitaxial bonding energy prefers to have the 
polymer chain aligned along the bR direction (x-axis), with the corre-
sponding NW orientation perpendicular to bR, while the repulsive in-
terfacial interaction leads to a corrugated surface that is stabilized at 
certain NW widths to optimize the  contact area. In the direction per-
pendicular to Re-chain direction (y-axis), the surface/elastic energy 
dominates due to the low interfacial bonding density, leading to con-
tinuous long wires with large surface area. The net morphology is thus 
a result of the energy competition between the interfacial synergy and 
the self-energy of P(VDF-TrFE).   
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3. Conclusion  
 
Unlike the polycrystalline or polymorphous P(VDF-TrFE) films, the close-
packed P-NW films possess high crystallinity due to the interfacial epi-
taxial relation, enhanced out-of-plane polar alignment, and reduced 
coercive voltages that can be as low as 0.1 V, making them highly com-
petitive for energy-efficient device applications. The large out-of-polar-
ization of P-NW gate enables a remarkable nonvolatile current switching 
ratio of exceeding 108 in bilayer ReS2, which is among the highest val-
ues reported on P(VDF-TrFE)-gated 2D FETs.[6,7] As our approach is eas-
ily scalable for wafer-size production, it lays the important groundwork 
for implementing the ferroelectric polymer/2D vdW heterostructure for 
light-weight, low-power, wearable nanoelectronics and optoelectronics. 
 
 
4. Experimental Section  
 
Sample Preparation: Selected n-layer (nL, n = 1–10) ReS2 flakes were me-
chanically exfoliated from bulk single crystals on elastomeric films (Gel-
Film WF × 4 1.5 mil from Gel-Pak) and transferred on SiO2 (290 nm)/ Si 
substrates using an all-dry transfer technique. The layer thickness was 
identified via the frequency difference Δ between the Mode I and Mode 
III in the Raman spectra (Figure S1, Supporting Information).[34]  
P(VDF-TrFE) (70:30 mol%) copolymer films were deposited on ReS2/ 
SiO2 or ReS2 single crystals by the horizontal LB technique from a  water 
subphase. The P(VDF-TrFE) thin film was deposited one ML at a time. 
The thickness of 1 ML LB film is ≈2.0 nm. The as-grown P(VDF-TrFE) film 
is polycrystalline with low fraction of amorphous phase, with smooth 
morphology and no visible pinholes.[2] The samples were then annealed 
at 135 °C for 80 min to obtain the highly ordered P-NW films. The copo-
lymer composition ratio of 70/30 VDF/TrFE was chosen because of its 
relatively high remnant polarization (≈10 μC cm−2).[35,36]  
TEM Studies: The TEM measurements were performed using a 200 kV 
TEM system (Tecnai Osiris Scanning, FEI) equipped with a field emis-
sion gun. The P-NW films are stable under this energy electron beam. 
The cross-sectioned TEM samples were prepared using the standard fo-
cused ion beam (FIB) lift-off technique via a FIB-SEM system (Thermo 
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Science Helios NanoLab 660, FEI). A 5 nm thick Pt/Pd film was sputter-
coated on top of the sample to prevent charge buildup during sample 
preparation. A 2 μm thick layer of Pt was then deposited to protect the 
sample during the ion milling. The cross-sectioned sample was mounted 
on a TEM copper grid and was further thinned to electron transparency. 
Raman Characterization: Raman measurements were carried out using 
a micro-Raman system (Renishaw InVia plus, Renishaw). Raman spectra 
were collected with a 514.5 nm laser in reflection mode through a 50× 
objective lens with an accumulation time of 10 s. To avoid heating dam-
age, the laser power was below 1 mW. For the polarized Raman measure-
ments, the incident laser polarization was fixed with a linear polarizer, 
and the Raman signal was measured parallel to the laser polarization 
using a linear analyzer. The parallel polarization Raman signal was col-
lected by rotating the sample from angle φ = 0°–360° in 10° steps.   
Temperature-Dependent in situ AFM Studies: The AFM and PFM mea-
surements were conducted in a Bruker Multimode 8 AFM system. For 
the in situ thermal annealing measurements, the sample was placed on 
the AFM sample holder of the heating/cooling module. The tempera-
ture was controlled by the Bruker TAC Thermal Application Control-
ler system. The sample was slowly heated to progressively higher tem-
peratures. Before imaging, the sample was held for 10 min at the target 
temperature after the temperature was stabilized. The in situ topogra-
phy scanning was conducted in tapping mode with silicon nitride AFM 
probes (Bruker SCANASYST-AIR, spring constant k of 0.2– 0.8 N m−1, res-
onant frequency fo of 45–95 kHz). Due to thermal drift, the same area 
was not tracked. This will not affect the analysis since the sample is uni-
form on the large scale.  
PFM Studies: The vertical PFM measurements were performed in con-
tact mode with conductive PtIr-coated AFM probes (Bruker SCMPIC-V2, 
spring constant k of 0.03–0.2 N m–1, resonant frequency fo of 4–10 kHz). 
The lateral PFM (L-PFM) measurements were performed with conduc-
tive PtIr-coated AFM probes (NanoSensors PPP-EFM, spring constant k 
of 0.5–9.5 N m–1, resonant frequency fo of 45–115 kHz). The scanning 
direction was perpendicular to the cantilever axis. The scanning-angle-
dependent L-PFM signal was collected by rotating the sample from 0° to 
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180° in 15° steps. The noise floor for L-PFM is calibrated using the uni-
formly polarized domain and domain wall written on high quality epitax-
ial (001) PbZr0.2Ti0.8O3 thin films (Figure S6, Supporting Information).[37] 
FET Device Fabrication and Characterization: Cr/Au (5/25nm) electrodes 
were pre-patterned on SiO2 (290nm)/Si substrates in the two-point ge-
ometry using photolithography. Selected ReS2 flakes were transferred on 
the electrodes, forming FET devices. P(VDF-TrFE) thin films were then 
deposited on the ReS2 devices by the horizontal LB deposition technique. 
All electrical measurements were carried out using semiconductor pa-
rameter analyzer (Keysight 1500A) in ambient conditions.  
 

Supporting Information follows the References.  
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1.  Characterizations of ReS2 and P(VDF-TrFE) Nanostructures 
Figure S1 shows the Raman spectra of mechanically exfoliated n-layer (nL) ReS2 flakes on 
SiO2/Si substrate. The layer thickness can be determined via the frequency difference ∆ between 
the Mode I and Mode III in the Raman spectra.[1]  
 
 
Figure S1. Raman characterizations of mechanically exfoliated ReS2 flakes. a) Raman spectrum of a 
1L ReS2 showing Mode-I at 134.3 cm-1 and Mode-III at 151.8 cm-1. Inset: optical image of the sample. 
b) Raman spectrum of the 2L ReS2 device shown in Fig. 3e, with Mode-I at 135.6 cm-1 and Mode-III at 
150.4 cm-1. Inset: optical image of the sample. c) Raman spectrum of a 4L ReS2 with Mode-I at 137.3 
cm-1 and Mode-III at 150.8 cm-1. 
Figure S2 illustrates how we determined the width of the P(VDF-TrFE) nanowires (P-NWs). 
As the P-NWs are closely packed (Figure 2b), we counted the number of NWs over a large distance 
(e.g., Figure 1b) to extract the average width. The error bars were calculated from the results taken 
on five different locations. 
 
Figure S2. A sub-area of the AFM topography image in Figure 1b showing the morphology of 6 P-






Figure S3a-c show the P-NWs formed on 2L to few layer ReS2 flakes. The controlled formation 
of P-NWs on ReS2 can be further extended to thick (Figure S3d) and bulk ReS2 samples (Figure 
2a). For comparison, we prepared P(VDF-TrFE) using identical fabrication methods on five 
different 2D layered van der Waals (vdW) materials (Figure S4), where we observed randomly 
distributed rice-like nano-grains, in sharp contrast to the P-NWs formed on ReS2. Similar nano-
grains have previously been reported for P(VDF-TrFE) spin-coated on graphene after thermal 
annealing, which show a coercive voltage orders of magnitude higher than the P-NWs on ReS2.[2] 
Due to the structural similarity of the P(VDF-TrFE) nanostructures, we expect the samples prepared 
on other vdW materials show similar ferroelectric properties.  
 
Figure S3. P-NW films formed on few-layer and thick flakes of ReS2. a) Optical image and b-c) AFM 
topography images of the P-NW film formed on a ReS2 flake with different layer thicknesses. d) AFM 
topography image of the P-NW film formed on a thick ReS2 flake (about 160 nm thick). Inset: optical 
image of the sample. 
 
Figure S4. P(VDF-TrFE) nanostructures formed on various 2D vdW materials. AFM topography 
images of thermally treated 9 monolayer (ML) Langmuir–Blodgett (LB) films prepared on a) 2H-MoS2, 
b) graphene, c) 𝛼-In2Se3, d) black phosphorus, and e) TiS3. The crystalline orientations of the 2D vdW 






2.  Modeling of (110) P(VDF-TrFE) on ReS2 
For (110) P(VDF-TrFE), the inter-layer spacing is about 4.5 Å,[3] which is much larger than 
that for the P-NWs (2.48 ± 0.01 Å). In Figure S5a, we superimposed the atomic arrangements of 
(110) P(VDF-TrFE) on the high-resolution transmission electron microscopy (HRTEM) image of 
the P-NW on ReS2 shown in Figure 2f, which clearly do not match. We thus ruled out the possibility 
of (110) orientation for the P-NWs. This is consistent with the fact that there is no obvious epitaxial 
lattice relation between (110) P(VDF-TrFE) and ReS2 in the y-z plane (Figure S5b).   
 
Figure S5. Modeling of (110) P(VDF-TrFE) on ReS2. a) HRTEM image of the P-NW on ReS2 (Figure 
2f in the main text) superimposed with the atomic arrangements of (110) P(VDF-TrFE). b) Schematic 
side views of (110) P(VDF-TrFE) on ReS2. The dashed lines mark the unit cells for P(VDF-TrFE) and 
ReS2. The laboratory coordinate system and crystalline orientations of P(VDF-TrFE) and ReS2 are 
labelled.   
3.  Lateral Piezoresponse Force Microscopy Study of P(VDF-TrFE) Nanowire Films 
We performed lateral piezoresponse force microscopy (L-PFM) studies to probe the in-plane 
polarization of the P-NW film. Figures 6a-b show the L-PFM images taken on the same domain 
structure shown in Figures 3b-c, which reveal consistently low signal for the as-grown, Pup, and 
Pdown domain regions. To calibrate the noise level, we also performed L-PFM imaging on a 
uniformly polarized Pup domain on a (001) orientated epitaxial PZT thin film, which does not 
possess lateral polarization. The L-PFM amplitude signal taken on the P-NW film is close to the 





For comparison, we also showed the polar plot of L-PFM amplitude signal taken on a PbZr0.2Ti0.8O3 
(PZT) domain wall (DW), where the chiral rotation of surface dipoles leads to an in-plane 
polarization perpendicular to the DW direction.[4] Strong L-PFM signal was observed for the 
scanning direction perpendicular to the DW (parallel to the in-plane polarization). These results 
confirm a lack of in-plane component of polarization in P-NW film, which crystallizes in the (010) 
orientation. 
 
Figure S6. L-PFM characterization of P-NW film. a) L-PFM phase and b) amplitude images of the 
domain structure shown in Figures 3b-c in the main text. The signal profiles along the dashed lines are 
shown in the lower panels in Figures 3b-c. c, Polar plot of L-PFM amplitude signal vs. scanning angle. 
Also shown are the data taken on the Pup domain and domain wall of an epitaxial (001) PZT film grown 
on 10 nm La0.67Sr0.33MnO3 buffered (001) SrTiO3 substrate. All data in (c) are normalized with respect 
to the L-PFM amplitude signal for the (001) PZT Pup domain.   
5. Effect of High Temperature Annealing on P(VDF-TrFE) Films on ReS2 
The NW formation process is very sensitive to the thermal annealing temperature. Figure S7 
shows a series of in situ AFM images taken on a 1 ML P(VDF-TrFE) LB film prepared on ReS2 
during the heating and cooling processes. When the sample was heated to 130 °C, the film 
reconstructs into well aligned NWs. When the sample was further heated above 140 °C, the P-NWs 
quickly melt, and form a threaded-beads-structure before breaking into isolated droplets. 
Interestingly, highly ordered NWs re-emerge from the droplets during the cooling process below 







Figure S7. Effect of high temperature thermal annealing. In situ AFM images taken on a 1 ML P(VDF-
TrFE) LB film prepared on ReS2, showing the P-NW formation, melting, and re-emerging processes. 
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